Background: The bacterium Coxiella burnetii has caused unprecedented outbreaks of Q fever in the Netherlands between 2007 and 2010. Since 2007, over 4000 human cases have been reported, with 2354 cases in 2009 alone. Dairy goat farms were identified as most probable sources for emerging clusters of human Q fever cases in their vicinity. However, identifying individual farms as primary source for specific clusters of human cases remains a challenge, partly due to limited knowledge of the different C. burnetii strains circulating in livestock, the environment and humans. Results: We used a multiplex multi-locus variable number of tandem repeats analysis (MLVA) assay to investigate the genotypic diversity of C. burnetii in different types of samples that were collected nationwide during the Dutch Q fever outbreaks between 2007 and 2010. Typing was performed on C. burnetii positive samples obtained from several independent studies investigating C. burnetii presence in animals and the environment. Six different genotypes were identified on 45 farm locations, based on sequence-confirmed estimates of repeat numbers of six MLVA markers. MLVA genotype A was observed on 38 of the 45 selected farm locations in animals and in environmental samples.
Background Q fever, caused by the bacterium Coxiella burnetii, has been a public health problem in the Netherlands between 2007 and 2010 [1] [2] [3] [4] . Between 2005 and 2007, before the first documented Q fever outbreak in the Netherlands, C. burnetii related abortions were reported on a number of commercial dairy goat farms in a rural area in the southeast of the Netherlands [1] . In 2007, a Q fever outbreak was reported in humans in the same rural area, which expanded to other areas in the Netherlands in subsequent years [3, 4] . The 2007 outbreak initiated source-finding investigations in the affected areas during the subsequent epidemics in 2008 and 2009. The investigations were initiated by several Municipal Health Services, in close collaboration with the Netherlands Food and Consumer Product Safety Authority (NVWA) and the National Institute for Public Health and the Environment (RIVM). Vaginal swabs from goats and sheep and surface swabs from stables, that were obtained during these source-finding studies, revealed that C. burnetii DNA is present on most dairy farms suspected of being a source for human Q fever cases in their vicinity [5] . In addition, epidemiological studies indicated commercial dairy goat farms as most likely sources for human Q fever infection in the Netherlands [1, 5, 6] . Genotyping of C. burnetii DNA obtained from human, animal and environmental samples could yield further insight in the possible link between the (clusters of) human Q fever cases and C. burnetii positive farms. To enable such studies, genotypic characterization of C. burnetii strains circulating in the different reservoirs is needed.
A number of different molecular typing methods have been developed to analyze genetic variability among C. burnetii laboratory isolates. One of the first molecular typing methods for C. burnetii is based on restriction fragment length polymorphism (RFLP) in combination with pulse field gel electrophoresis (PFGE) [7, 8] . More recently, PCR based methods were developed for molecular typing of C. burnetii strains, including multilocus variable number of tandem repeats analysis (MLVA) [9, 10] , multispacer sequence typing (MST) [11] , and single nucleotide polymorphism (SNP) [12, 13] . Previous studies of C. burnetii genotypes during the epidemics in the Netherlands showed low genetic diversity, and domination by one genotype in human and animal samples [14, 15] . In this study, we expand these analyses by investigating environmental samples, which are thought to play an important role in transmission of C. burnetii from animals to humans. We investigated farms that have been identified as potential sources for human Q fever in the Netherlands. Moreover, we included regions in the Netherlands that had not been studied previously.
Results
The selection of samples for molecular typing using MLVA was based on qPCR assays that have been used for the detection of C. burnetii in several studies [5, 16, 17] . DNA extracts showing Cq values of 31 or lower for C. burnetii target IS1111 in qPCR assays, were selected for molecular typing using a newly developed multiplex MLVA assay. Attempts to amplify DNA from samples with higher Cq values (lower C. burnetii DNA content) were unsuccessful. Characteristics of the two developed multiplex MLVA PCR assays are described in Table 1 .
The numbers of tandem repeats calculated from PCR fragment sizes obtained for each locus were confirmed by sequencing ( Table 2 ). Significant discrepancies between sequencing results and PCR fragment sizes were found for markers Ms31 and Ms34. For these markers, the number of repeats that was calculated based on PCR fragment sizes was approximately one repeat lower than the number obtained from sequencing. In addition, for markers Ms24 and Ms31 one of the repeats that was included in the repeat count was not located immediately adjacent to the other repeats. Repeat numbers thus calculated are in accordance with the number of tandem repeats identified for the C. burnetii Nine Mile RSA 493 phase I strain in other studies [14, 15] . Therefore, sequencing results guided correct estimations of the numbers of tandem repeats in the MLVA genotyping of our samples.
A total of 190 samples (94 environmental and 96 animal samples), originating from 45 farm locations were successfully genotyped. Based on six markers, a total of six different MLVA genotypes (A-F) could be discriminated (Table 3 ). Overall, the most common C. burnetii type observed in all samples was MLVA genotype A, followed by genotype B, genotype E, genotype D, genotype F, and genotype C. The number of MLVA genotypes per animal or environmental matrix and farm type is presented in Table 4 . The most abundant genotype A was found in all animal and environmental matrices. Genotype B was observed in vaginal swabs and surface swabs, while genotypes C and D were observed in vaginal swabs from goats only. Genotype E was found in spleens from rats, but not in any of the animal samples obtained from goats or sheep. Genotype F was observed in surface swabs of a single dairy sheep farm only.
On most farms, only one single C. burnetii MLVA genotype was detected. Genotype A was encountered as a single genotype on most farms (36 locations), genotype B was the single genotype on two farms, and genotypes C, D, E and F were single genotypes on four farms ( Figure 1 ). On three farms, additional MLVA genotypes were encountered besides the most common genotype A. On farm 20, MLVA genotypes A and B were observed in separate vaginal swab samples, while type B was the only genotype in surface swabs. On farm 25, MLVA type A was observed in milk filters, while MLVA type B was observed in surface swabs. On farm 33, both MLVA genotypes A and E were observed as mixed genotypes in milk filters and surface swabs.
Discussion
The Q fever outbreak of 2007 was the first documented outbreak in the Netherlands. A case control study in 2007 revealed several risk factors for acquiring Q fever, however, a direct link with a particular source could not be established [3] . In this study we show that the most common MLVA genotype in both animal and environmental samples obtained from 45 farm locations is MLVA genotype A. The environmental sampling categories, surface swabs and aerosols, are of particular interest for establishing a source hypothesis of C. burnetii infection, since they may provide the link between C. burnetii in animals and humans. Coxiella burnetii laden dust can originate from the decomposition of C. burnetii contaminated aerosols and vice versa, re-aerosolisation of contaminated dust might occur. Contaminated aerosols are regarded as one of the most important transmission routes for C. burnetii to humans, especially when environmental conditions for aerosol dispersion are favourable [3, 16, 18, 19] . Surface swabs were collected on 20 out of the 45 sampling locations and showed the occurrence of MLVA genotype A at 16 of these locations. Two aerosol samples collected at two of these locations were suitable for typing and MLVA genotype A was observed in these samples as well. As MLVA genotype A was also the dominant genotype in animal samples obtained from goats, sheep, and rats (Table 4 ), these data show that the most common genotype can be detected in both the animal hosts and the environmental matrices that are considered to play a dominant role in the direct or indirect transmission from animals to humans.
The finding of a single most common C. burnetii MLVA genotype in both environmental and animal samples in this study, supports the findings of two other MLVA genotyping studies in the Netherlands [14, 15] . [9] . Five of these markers, Ms24, Ms27, Ms28, Ms31, and Ms34, can be compared to our study, and MLVA genotype CbNL01 showed identical numbers of tandem repeats within these loci when compared to our most common MLVA genotype A [14] . The MLVA loci that can be compared between the three molecular typing studies of C. burnetii during the Q fever epidemic in the Netherlands show identical results for the numbers of tandem repeats within these loci for the most common genotypes. However, even when the different MLVA assays investigate the same markers, differences in primers used for amplification and other laboratory-specific conditions may affect the outcome of the analyses. In addition, the scoring of the numbers of tandem repeats may differ between individual researchers. This was illustrated by the outcome of an interlaboratory comparison with 7 European participants [20] . Finally, the sequence information regarding the repeat motif for a number of MLVA loci was not published [9] . This lead to the development of new primers for marker Ms20 in our study, which target a slightly different region than published by [9, 21] . Therefore, comparisons of C. burnetii MLVA typing between laboratories requires a consensus approach, and confirmation of the number of tandem repeats by sequencing will play an essential role in providing the basis for confident calculations. This is of particular importance when the differences between MLVA genotypes, both within and between studies, are rather small. The numbers of tandem repeats from fragment sizes were calculated by dividing the sizes of the measured PCR products minus primer binding sites and flanking regions by the corresponding repeat length.
Establishing a direct relationship between (clusters of ) human Q fever cases and a single (or a cluster) of C. burnetii affected farms remains a challenge. Two epidemiological studies performed during the Q fever outbreaks in 2008 and 2009 in the Netherlands showed a strong association between clusters of human Q fever cases and a commercial dairy goat farm [6] and a nondairy sheep farm [22] . Although these studies focused on the best described clusters of human Q fever cases observed during the outbreaks, information about the number of C. burnetii genotypes circulating in patients, the environment, and potential veterinary sources in the Netherlands was not available at that time. Molecular typing of all samples obtained from animals and surface swabs from the dairy goat farm that was identified as the most probable source of a cluster of human Q fever cases [6] , revealed the presence of MLVA genotype A only. Unfortunately, molecular typing of the samples obtained from the non-dairy sheep farm that had been identified as the primary source for the cluster of human Q fever cases in its vicinity in 2009 [22] , was not successful due to low C. burnetii DNA content (Cq values for target IS1111 >31). Investigations of C. burnetii MLVA genotypes in patients [15] , dairy live-stock [14] mentioned earlier, and environmental and animal matrices in this study, showed that a single C. burnetii MLVA genotype is dominant in the Netherlands. Based on these data we conclude that the resolution attained by using MLVA is insufficient for pinpointing individual sources in most cases, as it is likely that the dominant C. burnetii type will be detected on several farms and in different patients in a particular area. Another factor that complicates source-finding investigations, is that these studies are often biased by the selection of farms. For instance, in 2009 about 350,000 goats were registered on 3916 farms in the Netherlands. About 274,000 goats were distributed over 370 large commercial dairy goat farms.
The number of sheep was even larger in 2009, with over one million sheep present in the Netherlands, distributed over 12,833 registered farms (Statistics Netherlands: CBS). Only a small subset of these farms were selected for source-finding investigations in 2008 (29 farms) and 2009 (56 farms). Therefore, the number of MLVA genotypes observed in this study is an underestimation, because only 9.2% of commercial dairy goat farms and less than 1% of sheep farms present in the Netherlands in 2009 were included. Since dairy goat farms were quickly identified as the most probable sources for human Q fever in the Netherlands [1, 5, 6, 23] , the numbers of investigated dairy goat farms were much higher when compared to other potential sources for human Q fever (e.g. sheep or cattle). Primarily, those farms located in close proximity to human Q fever cases were selected. Within these clusters, farms were encountered with large numbers of samples positive for C. burnetii, as well as farms without any positive samples [5] . Furthermore, it is an interesting observation that rats, a potential reservoir for C. burnetii [17] , collected on a cattle farm showed a different MLVA genotype (type E) in comparison to rats collected on a dairy goat farm (MLVA genotype A). Genotype E was also encountered in environmental samples obtained from a dairy goat farm, but only when genotype A was also detected. MLVA genotype F was observed on a single dairy sheep farm only and not on dairy goat farms, or non-dairy sheep farms. Although these data may suggest a preferential association of particular genotypes with specific hosts, further studies are needed to substantiate such a link. Finally, adequate source-finding studies for accurate source-attribution in the Dutch situation require a more detailed analysis of the strains present in animals, the environment and humans. Such studies would benefit from a method that enables strain differentiation at a higher resolution, both in time and in space. This requires improved genotyping methods specifically designed for the genotypes encountered in the Dutch outbreaks.
Conclusions
MLVA genotype A is the most common genotype in animal samples obtained from goat, sheep, and rats, and in environmental samples that are considered to be a major transmission route from animals to humans. The finding of a single most common genotype in patients, environment, and livestock complicates accurate source finding. The resolution attained by using MLVA is insufficient for pinpointing individual sources, as it is likely that the dominant C. burnetii type will be detected on several farms and in different patients in a particular area. Confident MLVA-typing of C. burnetii will be improved by the confirmation of the number of tandem repeats by sequencing for confident calculations of the number of tandem repeats. Moreover, it is very important that a consensus, about counting, scoring and identifying the number of tandem repeats for each locus, is reached for strengthening the outcome of MLVA analyses.
Methods

Development of a multiplex MLVA assay for C. burnetii using published loci
Several MLVA genotyping assays have been described for C. burnetii [9, 10, 24] . The MLVA assay described in this study includes repeat regions that are used by other authors as well. The use of a multiplex MLVA assay as described by [24] has the advantages of reduced sample usage and analysis efforts. Due to difficulties in repeating the published multiplex protocol, and to enable the analysis of additional markers, we designed novel primers for MLVA amplification. Primer design was based on the genome sequences from C. burnetii Nine Mile RSA 493 phase I strain (Genbank accession number AE016828), C. burnetii strains Dugway (Genbank accession number CP000733), RSA331 (CP000890), CbuG Q212 (CP001019), and CbuK Q154 (CP001020). For most regions, the repeats were identical to those in other MLVA protocols. However, for Ms20 we used a different repeat compared to the one presented by [9] . This repeat was identified by using Tandem Repeat Finder software [25] and should be named Cbu1941_ms20b_33b-p_5U_273bp, according to the format proposed by [9] . Since the repeat motif and amplified region differ, a direct comparison of repeats between these studies is not possible.
Using the software package Visual Oligonucleotide Modeling Platform version 7.6.19 (DNA software Inc., Ann Arbor, MI), primers were developed for two multiplex reactions, amplifying a total of six markers (Table 1) . Primers were obtained from Biolegio (Nijmegen, the Netherlands). Each multiplex amplification reaction was carried out in 20 μl, containing 0.2 μM primers, 4 μl of template DNA, and 16 μl of Qiagen multiplex PCR mix (Venlo, the Netherlands). MLVA multiplex PCR assays were carried out on a PCR-express machine (Thermo-Scientific, Breda, the Netherlands) using the following conditions: 15 min. at 95°C (DNA polymerase activation), followed by 40 cycles of 30 s of denaturation at 95°C, 90 s of annealing at 55°C, and 1 min. extension at 72°C. Finally, a ten min. incubation step was performed at 72°C. PCR products were purified by adding 2 μl of ExoSAP-IT (Affymetrix, Germany) to 5 μl of PCR product, followed by incubation at 37°C for 15 min., and inactivation at 80°C for 15 min. Separation of PCR fragments (2 μl PCR product + 10 μl of LIZ 500 Genescan size standard) was performed on an ABI 3700 DNA sequencer (Applied Biosystems, Foster City, CA) using the standard GeneScan module. GeneScan data were imported into Genemarker (SoftGenetics, USA) for analysis.
Calculation of the number of tandem repeats for each marker PCR product lengths for each marker were obtained by using Genemarker software. The numbers of tandem repeats were calculated by subtracting primer binding sites and flanking regions from the PCR product size, followed by division by the size of a single tandem repeat. These calculations were based on the published genome sequence, and MLVA and sequencing analysis of the C. burnetii RSA 493 Nine Mile strain.
All repeats calculations were confirmed by sequencing of representative samples. Therefore, for each marker, primer pairs were developed to obtain PCR products extending beyond the multiplex MLVA primer binding sites (Table 1 ). These PCR products were sequenced to calculate the number of repeats within repeat regions. Singleplex reactions for each marker were performed using identical thermocycling reactions as described above. PCR products were sent to BaseClear B.V. (Leiden, the Netherlands) for sequencing both strands. Sequences were imported into BioNumerics (Applied Maths, US) version 6.0 to construct consensus sequences for each marker.
Selection of samples for molecular typing
DNA extracts selected for MLVA typing originate from animal matrices (spleens from rats and vaginal swabs and placenta material from goat or sheep) and environmental matrices (milk unit filters, manure, surface swabs and aerosols) obtained in stables from dairy goat, (nondairy) sheep, and cattle farms during several independent Q fever investigations initiated during the outbreaks between 2007 and 2010. These studies included: (i) source-finding investigations initiated by Municipal Health Services in 2008 [5] and 2009, (ii) a study on C. burnetii DNA presence in animal and environmental matrices on small ruminant farms in 2009 [16] , (iii) a study on C. burnetii DNA presence in aerosols collected in stables and in the vicinity of dairy farms in 2009 [De Bruin et al., unpublished results], and (iiii) a study on C. burnetii in brown (Rattus norvegicus) and black (R. rattus) rats, which constitute a potential reservoir for C. burnetii [17] . The sampling strategy, sample processing, DNA extraction procedures and qPCR detection in these studies are described elsewhere [5, 16, 17] . Sampling of animal matrices, such as vaginal swabs from goat, or sheep were carried out by qualified veterinarians of the Netherlands Food and Consumer Product Safety Authority (NVWA). DNA extracts obtained from rats spleens were provided by Dr. Reusken. Procedures and ethical statements regarding animal handling, dissection, and DNA extraction are described in [17] .
